Organic-inorganic hybrid coating films were prepared using vinyltriethoxysilane and tetraethoxysilane by the sol-gel method on polyimide substrates. Tetraethoxysilane (TEOS) and vinyltriethoxysilane (VTES) or polyvinyltriethoxysilane (PVTES), which was obtained by the radical polymerization of VTES, were used as starting materials.
Introduction
Recently, organic-inorganic hybrid materials have at tracted much attention because they have both organic and inorganic characters.1) Preparation of the organic-inorgan ic hybrid through the sol-gel process, where organic and in organic constituents are bonded to each other, has been reported.2)-8) For example, Wojcik and Klein6), 7) reported that highly transparent organic-inorganic hybrids were pre pared by copolymerization of vinyltriethoxysilane and meth (acrylate) monomers.
Polymer films are widely used for wrapping materials in our daily life because of their transparency, softness, light ness, and so on. In contrast, the disadvantages of these films are, for example, lack of abrasion resistance and of thermal stability, and high permeability of gases like water vapor and oxygen. On the other hand, inorganic materials have high mechanical strength, high thermal stability, and low gas permeability. It is thus possible to create new kinds of materials that have advantages of both organic and inor ganic materials if polymer films and inorganic materials are combined.
We have already reported that SiO2-based coating films can be formed on polyimide and nylon-6 substrates and these coatings are effective to suppress the water p ermeaility.9)-11) In these studies, the thin films formed on polymer substrates were cracked when only tetraethoxysi lane (TEOS) was used as a starting material, and the forma tion of cracks was avoided with addition of three-functional alkoxides. The addition of organic components is expected to give flexibility to the thin films and to avoid the formation of crack or to improve the adhesion of the thin films with polymer substrates.
In this study, organic-inorganic hybrid coating films were prepared by the sol-gel method on polyimide sub strates from TEOS and vinyltriethoxysilane (VTES) or polyvinyltriethoxysilane (PVTES), which was obtained by the radical polymerization of VTES. Polyimide films were used as polymer substrates in this study since polyimides have high glass-transition temperature and heat resistance. 
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. The peak at about 1100cm-1 is assigned to Si -O-Si bonds , those at around 3000cm-1 to C-H bonds, and those at around 3400 and 900cm-1 to Si-OH bonds. The in tensity of the peaks related to C-H bonds and to Si-OH bonds is increased with an increase of PVTES or VTES. The intensity of the peaks related to Si-OH bonds in the TEOS-VTES system is stronger than that in the TEOS PVTES system. It is known that the Si-R groups decrease the connectivity of the oxide network of the gels prepared from TEOS-RSi(OR)3 system.11) The C-C bonds in PVTES may become steric hindrance for the hydrolysis condensation reaction of PVTES, and the bonds may in hibit the formation of siloxane bonds resulting from conen sation between the silanol groups, which causes the strong intensity of the silanol groups in the TEOS-PVTES sys tem. Figure 4 shows the composition dependence of the con tact angle of the coating films for water. Open triangles and solid circles indicate the TEOS-VTES and TEOS-PVTES systems, respectively. In both systems, the contact angle is increased with a decrease in the content of TEOS. These in creases are due to an increase of the organic constituents that are hydrophobic groups. In the composition range from 25 to 50mol% of TEOS, the contact angle of the coating films from the TEOS-VTES system is lager than that from the TEOS-PVTES system. As shown in IR spectra (Fig.  3) , the intensity of the peaks related to Si-OH bonds in the TEOS-PVTES system is stronger than that in the TEOS VTES system. Thus, the large amount of silanol groups in the films from the TEOS-PVTES system caused the small contact angles. Figure 5 shows the dynamic hardness of the coating films on Si substrates. Open triangles and solid circles indicate the TEOS-VTES and TEOS-PVTES systems, respective ly. In both systems, the dynamic hardness is decreased with an increase in the content of VTES or PVTES in the start ing materials, Since VTES and PVTES are three functional alkoxides, these indicate that the increase of VTES or PVTES results in the decrease of connectivity of the oxide network that has large contribution to the magnitude of the dynamic hardness. The dynamic hardness of the coating films from the TEOS-VTES system is larger than that of the TEOS-PVTES system in the whole composition range. This shows that the C-C bonds in the PVTES cause the decrease of connectivity of the Si-O-Si bonds. This is con sistent with the results of IR spectra as shown in Fig. 3 , in which the intensity of the peaks related to Si-OH bonds in the TEOS-PVTES system is stronger than that in the TEOS-VTES system. Table 2 shows the pencil hardness of coating films on Si substrate. In the TEOS-VTES system, the pencil hardness becomes larger with an increase in the content of TEOS. However, in the TEOS-PVTES system, the pencil hard ness is 9H in the whole composition range, while the dynam ic hardness, shown in Fig. 4 , was decreased with a decrease in the TEOS content. In the TEOS-VTES system , Si-O-S b onds are assumed to be increased with an increase in the content of TEOS, and the formation of the bonds contrib utes to the increase in the pencil hardness as well as the dy namic hardness. Although Si-O-Si bonds in the TEOS PVTES films are assumed to be decreased with a decrease in the content of TEOS, the pencil hardness is 9H in all the composition range. This indicates that not only the Si-O-Si bonds contribute to the increase in the pencil hardness but PVTES plays an important role in the increase of the pencil hardness. Smooth surface with unevenness of less than 1nm is ob served in (b), while rough surface with unevenness of larg er than a few nanometers and with small grains of 20 to 50 nm in diameter is observed in (a). Since surfaces are scratched with pencils to examine the pencil hardness, the surface morphology is one of the reasons affecting the pen cil hardness; the smooth surface may give large pencil hard ness. These indicate that PVTES is effective to increase the pencil hardness since the coating films using PVTES have very smooth surface. The pencil hardness is assumed to be closely related to abrasion resistance. The coating films from PVTES are thus expected to have high abrasion resistance.
By using TEOS and PVTES, it was found that the coat ing films can be formed op nylon-6 and PET substrates. The films were transparent and flexible, and strongly ad hered to the substrates.
As shown in Fig. 4 and Table 2 , the coating films have large hardness and may have high abra sion resistance.
The coatings must have high potentiality for practical applications such as protective and gas barrier coatings for organic polymers.
Conclusion
Organic-inorganic hybrid coating films were prepared by the sol-gel method on polyimide and Si substrates from TEOS and VTES or PVTES. The addition of VTES or PVTES to the starting materials gave crack-free and flexi ble films. The dynamic hardness was decreased with an in crease in the content of VTES or PVTES in the starting materials, since the increase of VTES or PVTES resulted in the decrease of connectivity of the oxide network that has large contribution to the magnitude of the dynamic hard ness. In the case of the TEOS-PVTES system, the pencil hardness was 9H in all the composition range, while the dy namic hardness was decreased with a decrease in the TEOS content. It was suggested that the smoothness of the coat ing films prepared using PVTES contributed to the in crease of the pencil hardness.
